Sickle cell disease (SCD) results in end organ damage and a shortened lifespan. Both the pathophysiology of the disease and the social determinants of health affect patient outcomes. Randomized controlled trials have been completed among this population and resulted in medical advances; however, the gestation of these advances and the lack of penetrance into clinical practice have limited advancements in clinical improvements for many people with SCD. We discuss the role of implementation science in SCD and highlight the need for this science to shorten the length of time to implement evidence-based care for more people with SCD.
INTRODUCTION
The National Heart, Lung, and Blood Institute's (NHLBI) Center for Translation Research and Implementation Science (CTRIS) was formed in 2014 to support research that facilitates integration of evidencebased interventions within clinical and public health settings. This initiative recognizes that effective interventions have not only been tested for rigor with scientific advances, clinical trials, and expert systematic review panels, but that interventions are actually adopted in "real-world" settings. 1 CTRIS aims to support research that works toward overcoming health equity issues, a manifest challenge relating to those with sickle cell disease (SCD). SCD presents numerous challenges as an inherited blood disorder that results in lifetime anemia, severe pain, organ damage, and often premature mortality. 2 In addition to the biological component, SCD is compounded by social complexity; SCD predominantly affects African Americans and other underrepresented minorities, and treatment relies heavily on public insurance and healthcare programs. 3 Hydroxyurea (HU) is the only agent approved by the U.S. Food and Abbreviations: CFIR, Consolidated Framework for Implementation Research; CNS, central nervous system; CPC, Comprehensive Primary Care; CTRIS, Center for Translation Research and Implementation Science; HU, hydroxyurea; MRI, magnetic resonance imaging; NHLBI, National Heart, Lung, and Blood Institute; NIH, National Institutes of Health; SCA, sickle cell anemia; SCD, sickle cell disease; TCD, transcranial Doppler Drug Administration that reduces both acute pain episodes and risk of death. [4] [5] [6] While the field has made major medical advances, including HU and transcranial Doppler (TCD) screening with prophylactic chronic transfusion for children with high risk for stroke, 7 the median age of survival for individuals with SCD remains just 30-40 years, 30-45 years less than the average African American life expectancy. 8 Population-based studies demonstrate that 25% of children with SCD in Georgia did not receive recommended pneumococcal vaccinations. 9 In a cohort of pediatric patients with SCD on Medicaid in New York, the rate of HU use increased from 25% to 40% over 4 years 10 ; while HU use did improve over the time of the study, the penetration of HU prescription varied by medical center, and prescription rates were suboptimal, even at the "best" centers. Data are similarly suboptimal among adults; fewer than 23% of adults with severe (three or more hospitalizations or emergency visits) sickle cell anemia (SCA) receive HU. 
The quality gap: The children of today are not receiving the quality of care that they deserve; example of a timeline from completion of a trial to standard care eligible children received TCD screening 12 (Fig. 1) . If we know what our patients need, why are they not receiving the quality care that they deserve? More investigation is needed to advance care of people with SCD and to bridge the gap between research and practice.
THE QUALITY GAP
It takes 17 years to turn 14% of original research to benefit patient care. 13 Such estimates come from "leakages" of research at each stage: complete research, publication submission, production of guidelines, and implementation of best practices. 1,2 By the time guidelines and practices are implemented in usual care, the science is already out of date. One way to perceive this quality gap between research and practice is simply to think about the development of a child: Should a youth wait throughout childhood to receive the best quality care available?
By current scientific standards, children with SCD are not receiving the best available quality of care. In Figure 2 , we present examples of two recent SCD trials 14, 15 to show that the timeline between efficacy trials to clinical practice can be even longer than 17 years. Implementation science has emerged with the goal of closing this "quality gap" and supporting the transition from research to usual care. This paper summarizes implementation science and relates it to SCD.
IMPLEMENTATION SCIENCE
Implementation science has emerged as an area of research and has made significant progress in terms of definition of frameworks, methodology, and measures, 16, 17 including a journal (Implementation Science; http://implementationscience.biomedcentral.com/) and a recent issue of JAMA Pediatrics devoted to the subject. 18 Funding agencies including the NIH, Patient-Centered Outcomes Research Institute, and the Agency for Health Research and Quality have invested in implementation research to accelerate the uptake of effective care and evidence-based practice. We use implementation science to refer to the field of integrating research into practice and/or policy. 19 The NIH defines implementation research as "the scientific study of the use of strategies to adopt and integrate evidence-based health interventions into clinical and community settings in order to improve patient outcomes and benefit population health" (PAR-16-238). Other terms, such as knowledge translation, have also been used to describe the process of translating knowledge from research to practice. 20 
SCD and the need for implementation science
Since early landmark papers, 21, 22 funding has increased for SCD; however, work remains. 23 One of the lessons learned from other fields is that, while effectiveness and efficacy studies are extremely important, they are not sufficient to improve quality of care. There are numerous drawbacks of a stepwise approach to research progression through efficacy, then effectiveness, and finally to implementation of science studies. [24] [25] [26] Distinguishing between clinical studies and implementation science studies will clarify how implementation science may improve quality of life for those with SCD. We need to clarify the definitions between clinical trials and implementation studies, because often, similar terms are used with ambiguous definitions. 27 According to Flay:
"Whereas efficacy trials are concerned with testing whether a treatment or procedure does more good than harm when delivered under optimum conditions, effectiveness trials are concerned with testing whether a treatment does more good than harm when delivered via a real-world program." 28 Clinical studies aim to evaluate the efficacy or effectiveness of a specific intervention. Eldh and colleagues 27 define clinical interventions as intentional activities designed to result in a F I G U R E 2 Timelines of two randomized controlled trials in sickle cell disease health-related outcome (e.g., HU helps reduce painful episodes and complications for patients with SCD, the "what" to be implemented).
Implementation studies require a paradigm shift. 29 They extend efficacy and effectiveness research focused on discovering what works to understanding how the implementation works in specific contexts. 30 Implementation designs can be uncontrolled (e.g., variations in program delivery) or controlled (e.g., testing different approaches to dissemination of an efficacious technology). 28 Implementation studies aim to change behaviors or settings at the organizational, practitioner, or patient level 31 with the goal of enhancing the adoption of an intervention or guideline. A theoretical foundation is important to guide the implementation process and help to elucidate variables that affect clinical outcomes (e.g., effectiveness of HU) from the implementation variables (e.g., feasibility of an automated application to support prescription of HU by doctors).
The importance of distinguishing the implementation process from the clinical trial is related to Wandersman and colleagues' rightful title of their manuscript: "Evidence-based interventions are necessary but not sufficient for achieving outcomes in each setting in a complex world." 32 Often, the assumption is made that if an intervention is proven effective, then its widespread use will improve outcomes. 32, 33 However, the scale-up of interventions without clear planning about the "how" or the implementation process may prove unsuccessful. 32 Accordingly, systematic reviews of randomized controlled trials show that when interventions are tailored to address contextual barriers, they are more likely to improve professional practice. 34 How can the large gap between research and practice be decreased if an intervention's effectiveness still needs to be tested? A hybrid design can be used to accelerate the path between efficacy, effectiveness, and implementation studies. 24 The three types of hybrid design vary in degree of clinical effectiveness, implementation trials within one single study, unit of analysis, unit of randomization, outcomes measures, and targets of tested interventions. 24 Table 1 summarizes the main differences among the three types of hybrid design using SCD as an example.
Below are four broad recommendations to investigators.
(1) Examine the quality gap Guidelines should be developed based on quality standards suggested by the Institute of Medicine. 35, 36 Implementation guidelines should reduce inappropriate care and improve quality of care. [37] [38] [39] Examining guideline implementation and adherence in clinical practice is crucial, 40 because simply telling people what they need to do is not sufficient to change behavior and support guideline adherence. 41, 42 Factors that affect nonadherence of guidelines vary and include characteristics of the clinician, how guidelines were written, and the system in which guidelines are implemented. 36, 43 (2) Identify implementation strategy Once gaps in guideline adherence have been identified, evidence is translated into practice 44, 45 via dissemination 46 and implemention. 47 Implementation strategy is the "how"; it is defined as "a systematic intervention to adopt and integrate evidence-based health innovations into usual care." 48 Current taxonomies 49 include 72 strategies ranging from financial (e.g., provide incentive for the adoption of the intervention), organizational infrastructures (e.g., adding equipment to a room), electronic records (e.g., change electronic records to better capture outcomes), to education (e.g., training of providers), among others.
However, the evidence to support the use of specific implementation strategies for specific interventions is an area of research that needs further development. 50 Testing implementation strategies should be guided by theories, conceptual models, and/or frameworks to ensure that essential contextual and process elements related to implementation are not overlooked. 17, 51, 52 The choice of which strategy to use and how to implement it should also be based on identification of barriers and facilitators, and on stakeholder input. 53 55 
(p. 5).
The follow-up rationale is to determine how outcomes will be achieved. To achieve the same outcome in each setting, we need to account for the contextual variables and select an implementation theory, conceptual model, or framework from the several existing in the literature. 17 Selecting a model depends on the constructs targeted (e.g., change at the level of system, community, organization, or individual) and should happen at the planning stage of the study. There are five categories of implementation science theories, models, and frameworks: 56 (1) process frameworks aim to guide translating research to practice (e.g., Provonost and colleagues' model, 57 knowledge-toaction model, 20 intervention mapping 53 ); (2) determinant frameworks aim to specify domains of determinants that can act as barriers or enablers to implementation (e.g., PARIHS, 58,59 theoretical domains framework, 60 Consolidated Framework for Implementation Research
[CFIR] 61 ); (3) classic theories provide understanding of the process of implementation (e.g., theory of diffusion 62 ); (4) implementation theories provide an understanding of the implementation process (e.g., organizational readiness, 63 absorptive capacity 64 ); and (5) evaluation frameworks specify aspects of implementation that could be evaluated (e.g., RE-AIM, 65 Proctor's implementation outcomes 66 ). Additionally, some have proposed models for guideline implementation. 54 , 67 The chosen model should guide the study on design, aims, methods, and evaluation 17 to facilitate the quantification of mediators, moderators, and outcomes of implementation. 17, 68, 69 Models can be adapted, but the adaptation should be made with careful consideration, planning, and documentation. [70] [71] [72] Selecting a framework that will guide the study can be a challenge. 73 Depending on the study question, one framework may be enough, but in other cases, more than one framework is necessary to address the study purposes and conceptual levels. 73 A frequent drawback in many currently published implementation science studies is a lack of clear and explicit rationale for choosing frameworks. 74 We hope that studies in SCD will better outline the rationale for their framework of choice.
One example of a formative cross-case qualitative study that provides a good justification for the framework of choice is Keith and colleagues' study of 21 primary care practices participating in the Comprehensive Primary Care (CPC) initiative. 75 The mixed-methods evaluation of this study was based on a well-known implementation framework, the CFIR. 61 CFIR is a conceptual framework with 39 constructs in five domains: intervention characteristics, inner setting, outer setting, characteristics of individuals, and implementation process. The authors used CFIR to guide their analysis of their qualitative methods and to develop a checklist to guide their observations of the practices around the inner setting, practice members' perceptions, practice's process of implementation, and the practice's outer setting.
CFIR was used to guide data analysis and inform rapid cycle evaluation of implementation of CPC. CFIR has been used for evaluation of other studies 76 including guideline implementation, 77 but it is important to observe that it is one of the many other "determinant frameworks," 56 and, depending on the research question, it may be paired with process frameworks to inform the different stages of the implementation process.
(4) Measure implementation outcomes
Implementation studies must evaluate implementation outcomes.
Proctor and colleagues 16, 66 proposed a taxonomy of implementation outcomes, including acceptability, adoption, appropriateness, cost, feasibility, fidelity, penetration, and sustainability. Evaluation of implementation outcomes helps scholars disentangle implementation effectiveness from treatment effectiveness and to know, for example, whether an intervention failed because it was ineffective or because it was implemented incorrectly. 51, 66 The selection of implementation outcomes will depend on the level of analysis, as it can be at the policy, organization, or provider levels. The measurement of these outcomes is still under development as the field is testing psychometrically valid measures for implementation outcomes. 78 There is a large movement to develop evidence-based measures of implementation that would have predictive validity. 79, 80 Initiatives that have moved the field forward include the Society for Implementation Research Collaboration (https://societyforimplementationresearchcollaboration.org), a group that has conducted an in-depth systematic review and synthesis of instruments, 80, 81 and the compilation of tools for qualitative and quantitative measures of the CFIR (http://cfirguide.org/index.html).
Implementation study example
Our recently funded implementation study is one of the eight NHLBIfunded centers' cooperative agreements that form the Sickle Cell Disease Implementation Consortium: Using Implementation Science to Optimize Care of Adolescents and Adults with Sickle Cell Disease. 82 The consortium is composed of eight studies that aim to improve the care of adolescent and adult patients with SCD, each using different frameworks and strategies. Our proposal focuses on maximizing screening for risk of stroke (p. 38 of NHLBI Expert Panel Report 83 ), cognitive screening, and educational support to improve outcomes of adolescents and young adults with SCD. Below, we share some key components of our school-focused SCD study.
The quality gap exists beyond the "clinical" field of medicine
"Policies that address factors such as education could have a bigger influence on health than all medical advances combined." 84 Within the United States, adults without a high school diploma are likely to die 9 years sooner than college graduates. A 15-year-old male with SCA who comes from a low-income family has a 70% risk of failing a grade in school, 85 putting him at risk of dropping out. These statistics are stark reality for the 100,000 Americans who have SCD. Over 90% of this population are African American, 3 60%-70% are living at or near poverty (based up Medicaid qualifying), 85, 86 and all suffer from a chronic disease associated with a high risk of central nervous system (CNS) injury. 87 Children with SCD often lack supportive care. Approximately 50% of young children with SCD experience cognitive challenges, with or without cerebral infarction. 88 83 Given the prevalence of CNS injury from silent cerebral infarcts and strokes, cognitive impairment, and low educational attainment in the SCD population, a multidisciplinary approach is needed to investigate barriers and implement evidence-based interventions to improve health and educational outcomes. Based on our work with patients, families, and the community and on the existing literature, [89] [90] [91] we prepared an intervention to promote cognitive screening and implementation of educational support services in order to maximize educational attainment and health of adolescents with SCD.
We hypothesize that better implementation of these recommended cognitive evaluations and translation to well-defined plans for educational support in schools will increase students' success in educational attainment and promote better health. The long-term goal is to improve health and academic attainment of adolescents and adults with SCD by implementing evidence-based guidelines for neurocognitive testing and intervention.
The implementation framework
The CFIR 61 will be used to capture implementation outcomes. We chose to focus on the characteristics of the intervention by evaluating the evidence strength, quality, and trialability, as well as knowledge about the intervention from staff in the school setting. We will also focus on the inner setting, assessing the networks and communication from the school staff. Specific to the implementation process, we aim to evaluate whether engagement of clinical and educational leaders in the intervention determines the knowledge and support from leadership in both the clinical and educational settings, as leadership endorsement is essential for sustainability. 92 All individuals involved in patients' health (patients, families, community members, healthcare providers, educators, healthcare system representatives) will need to be involved in the study for maximum benefit and sustainability. Our team has experience in engaging multiple levels of systems and community members to address disparities in education and healthcare. [93] [94] [95] Because we will interact with different systems (hospital, school, families), our study will also use the Interactive Systems Framework 96 to guide our implementation process, using the Evidence-Based System for Innovation Support 97 to guide the development of our training and toolkits.
Implementation strategy
Our plan is to implement an evidence-based intervention to address current educational practices around SCD at school by maximizing assessments in both the clinic and school. Implementing TCD screening, magnetic resonance imaging (MRI), and cognitive assessments should be standard care within pediatric SCD clinics. However, we know from peer-reviewed publications and personal correspondence that we lack 100% penetrance of these standard practices. 9, 12 The path from the clinic to the school is cumbersome. At the clinic level, we can plan automated prompts with an electronic medical record for orders. At the caregiver level, a completed cognitive assessment report is given, but caregivers are then responsible for providing the report to the school so that accommodations can be made. Even if a report is given to the school, challenges continue. Most educators are unaware of the cognitive challenges associated with SCD. Educational support for both clinical teams and families is needed to improve the understanding and self-efficacy of these groups to adhere to recommendations of standard care.
Our implementation strategies aim to improve the path from the clinic to schools. We aim to support the school teams to increase understanding of morbidity associated with SCD by teaching guidelines and screening in clinics. By law, after a formal written request for an Individualized Educational Plan or 504 Plan is presented, the school has 60 days to set a date for the creation of such a plan. The process of reviewing cognitive assessment results and developing supportive interventions will assist students in school, activities of daily living, and health.
Measuring outcomes
Noting the many stakeholders involved in the intervention, we planned measures for each target population. For patients, cognitive assessments and educational plans are primary. For the clinical team, SCDspecific outcomes of TCD screening, brain MRI, and blood transfusion or HU prescription are outcomes. We will also evaluate leadership, recognizing that the clinical leaders in medicine and nursing will set the priority for following quality evidence-based guidelines. In the school setting, our team will assess leadership because the principals, counselors, and lead teachers will set the tone and expectations. The feasibility and acceptability of teacher training will be key to understanding needs of students with SCD and training future educators.
Without assessing this process and the beliefs and understanding of school personnel, leadership, and resources, these methods of supporting students with SCD are unlikely to be instituted, and it will be even less likely that the students succeed.
CONCLUSION
Complementing SCD with implementation science research can only enhance the impact of care. As Handley and colleagues 98 state, "A key reason for the persistent gaps between evidence and practice across all areas of medicine is that there have been few attempts to identify the target factors critical for successful implementation of an evidencebased intervention." 98 The successful uptake of interventions will only occur with use of implementation frameworks, evaluation of implementation strategies, and examination of implementation outcomes.
Our project involves the clinic and the school, as strategies to support learning will inevitably assist with healthy behaviors, including adherence to SCD-related medications, appointments, and recommendations. However, even interventions purely in the clinical setting benefit from implementation science. Unless we can deliver evidencebased medicine to people with SCD, it is challenging to ask funders to continue to invest in bench-to-bedside advancements. Transdisciplinary science that includes basic researchers for discovery, translational researchers to transfer basic findings to clinical application, and clinical researchers to prove efficacy is imperative to advancing care of people with SCD. This relatively new emphasis on implementation science will be the final variable to increase access to evidence-based care
to the broader population of those with SCD.
